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Antonio Corno, and Sergio L. Chierchia. Regulation of bio- 
energetics in O,-limited isolated rat hearts. J. Appl. Physiot. 
77(6): 2530-2536,1994.-Assessing the role of 0, supply in the 
regulation of cardiac function in O,-limited hearts is crucial to 
understanding myocardial ischemic preconditioning and adap- 
tation to hypoxia. We exposed isolated Langendorff-perfused 
rat hearts to either ischemia (low coronary flow) or hypoxemia 
(low PO, in the perfusing medium) with matched 0, supply 
(10% of baseline). Myocardial contractile work and ATP turn- 
over were greater in hypoxemic than in ischemic hearts (P < 
0.05; n = 12). Thus, the energy demand was higher during hyp- 
oxemia than during ischemia, suggesting that ischemic hearts 
are more downregulated than hypoxemic hearts. Venous PO, 
was 12 t 2 and 120 t 15 Torr (P < 0.0001) for ischemic and 
hypoxemic hearts, respectively, but O2 uptake was the same. 
Lactate release was higher during hypoxemia than during isch- 
emia (9.7 t 0.9 vs. 1.4 ,t 0.2 pmol/min, respectively; P < 
0.0001). Electrical stimulation (300 min-‘; to increase energy 
demand) increased performance in ischemic (P < 0.005) but 
not in hypoxemic hearts without changes in venous PO, or 0, 
uptake. However, venous lactate concentration and lactate re- 
lease increased in ischemic (P < 0.002) but not in hypoxemic 
hearts, suggesting that anaerobic glycolysis provides the energy 
necessary to meet the increased energy demand in ischemic 
hearts only. We conclude that high intracellular lactate or H+ 
concentration during ischemia plays a major role as a downre- 
gulating factor. Downregulation disappears in hypoxemic 
hearts secondary to enhanced washout of lactate or H+. 

hypoxemia; ischemia; lactate; oxygen uptake; oxygen supply; 
energy demand 

IN THE MAMMAL MYOCARDIUM, high-energy phosphates 
are utilized at high rates with respect to their steady- 
state intracellular concentration (21). Therefore, the 
myocardial contractile system is critically dependent on 
energy-yielding metabolic processes and on the continu- 
ous supply of 0, and substrates. If the 0, supply is low 
with respect to the needs of the system, a potentially 
lethal condition may be established due to rapid deple- 
tion of high-energy phosphates, leading to cell failure 
and necrosis. Such a situation is referred to here as “dys- 
oxia,” i.e., O,-limited cytochrome turnover (10). To pre- 
vent the effects of dysoxia, contractile systems may 
adapt by establishing a new equilibrium between energy 
supply and demand. For example, the capacity of energy- 
yielding processes may be amplified through increased 
availability of key enzymes (21). Alternatively, myocar- 
dial activity may be downregulated during ischemia (I) to 
reduce high-energy phosphate utilization (2). The regula- 
tors of myocardial activity during dysoxia are not identi- 
fied, but the 0, supply (Qo,; flow X 0, content) is a major 
candidate. Stainsby et al. (38) suggested that the me- 
chanical and metabolic responses of skeletal muscle to I 

[low flow at normal arterial PO, (Pao,)] and hypoxemia 
(H; low Pzb, at normal flow) are not the same and thus 
Qo, may not be the only factor that determines the en- 
ergy demand. In contrast, Hogan et al. (23) and Dodd et 
al. (16) showed that in ischemic and hypoxemic gastroc- 
nemius muscles matched for Qo, the bioenergetics of H 
and I involve similar patterns. Their results imply that 
Qo, has a major regulatory role during dysoxia, in agree- 
ment with the classical hypothesis that ATP synthesis is 
mainly controlled by 0,, Pi, nicotinamide adenine dinu- 
cleotide, and ADP (9). 

Assessing the factors that acutely regulate myocardial 
bioenergetics during I or H is critical in understanding 
ischemic preconditioning (see Ref. 41 for review) and to 
optimize myocardial protection techniques. When hearts 
are exposed to acute (20 min) I and H at comparable Qo,, 
temperature, and time of 0, deprivation, they show 
poorer recovery from H than from I (11); furthermore, 
the role of nonspecific oxidative injury in determining 
the extent of reperfusion injury is relatively modest com- 
pared with that of metabolic factors (36). We designed 
this study to gain further insight on the regulation of 
myocardial bioenergetics during. dysoxia. For this pur- 
pose, H and I were matched for Qo, to exclude this vari- 
able as a factor that affects myocardial bioenergetics. 
Hearts were electrically paced during part of the experi- 
ments to test the hypothesis that a reserve of energy can 
be made available during H or I to cope with the in- 
creased energy demand. Finally, because different coro- 
nary flows (CF) are likely to determine different rates of 
washout of diffusible substances, we evaluated the role of 
lactate as regulator of myocardial bioenergetics. We 
showed that I and H elicit different responses and that 
lactate plays a more critical regulatory role than 0,, at 
least under severely dysoxic conditions. 

MATERIALS AND METHODS 

Experimental design. We perfused isolated rat hearts by a 
Langendorff technique and monitored performance, 0, uptake 
(vo2), and lactate release (J&. Isovolumic hearts were stabi- 
lized for 20 min at CF of 15 ml/min and Pao, of 670 Torr (Qo2 of 
14.1 pmol/min using the reported 0, solubility coefficient; Ref. 
32). The volume of the intraventricular balloon was set to yield 
an end-diastolic pressure (EDP) of 7.0 t 0.5 mmHg and was 
kept constant throughout the experiment. After 20 min of base- 
line, Qo, was reduced to 1.41 pmollmin by either decreasing CF 
to 1.5 ml/min (I group; n = 6) or Pao, to 67 Torr (H group; n = 
6). The time delay for the hypoxemic perfusate to reach the 
heart and that required to set the pump to 1.5 ml/min were <l 
min and -30 s, respectively. Hearts were then allowed to ad- 
just their energy demand and rate (HR) for 20 min, after which 
hearts were paced at 300 beats/min for 10 min. 

Apparatus. The microoxygenator used in this study (Dideco, 
Mirandola, Italy) consisted of a hollow-fiber polypropylene 
membrane that provided a total OD surface area of 0.12 m2. In 
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TABLE 1. Myocardial performance and metabolism 
during baseline at CF of 15 mllmin, Pa, of 670 Torr, 
and volume of intraventicular balloon adjusted 
to yield EDP of 7 mmHg 

Parameter Value 

EDP, mmHg 7.3t0.3 
Developed pressure, mmHg 139t6 
dPldt,,, , mmHg/s 4,196+254 
HR, beats/min 243t7 
Coronary sinus PO,, Torr 305t27 
LVDP X HR, mmHg X 1,000 beats/min 33.7t1.5 
0, uptake, pmollmin 7.7t0.6 
O2 extraction, % 54.4t4.0 
CPP, mmHg 80t5 
Coronary resistance, mmHg l  min l  ml-l l  g 4.8t0.3 
Coronary sinus [lactate], mM <O.l 
Lactate release, pmol/min tl 
ATP turnover, pmollmin 53.5t3.8 
Ventricle wt, g 0.90t0.05 
Hz0 content, % 86.7kO.6 

Values are means + SE; n = ‘12 rats. CF, coronary flow; Paoz, arterial 
PO,; EDP, end-diastolic pressure; dPldt,,,, maximal rate of pressure 
development; HR, heart rate; LVDP, left ventricular developed pres- 
sure; CPP, coronary perfusion pressure; [lactate 1, lactate concn. 

the selected configuration, liquid and gas flow inside and out- 
side the fibers, respectively. The priming volume in the liquid 
line was 2.5 ml. The oxygenator was housed in a polycarbonate 
structure immersed in a water bath at 37°C and connected to 
the appropriate gas cylinders and to the perfusing system 
through gastight tubing. The medium (in mM: 115.6 NaCl, 4.7 
KCl, 1.2 KH,PO,, 0.5 EDTA, 1.2 Na,SO,, 28.5 NaHCO,, 2.5 
CaCl,, 1.2 MgCl,, and 11 glucose; pH 7.40 t 0.02, 37°C) was 
equilibrated with either 94% O,-6% CO,-0% N, or 10% O,-6% 
CO&34% N, partitions (nominal accuracy +O.l%) to yield PO, 
of 670 or 67 Torr at constant PCO, (43 Torr). A roller pump 
(Gilson, Villiers le Bel, France) delivered the buffer at a flow 
rate of either 15.0 or 1.5 ml/min to a filter @-pm pore size, 47 
mm diam, Nuclepore, Pleasanton, CA), a preheater, and then 
to the aortic cannula. The coronary perfusion pressure (CPP) 
was monitored with a pressure transducer above the aortic can- 
nula. 

Male Sprague-Dawley rats (250-280 g) were anesthetized by 
heparinized thiopental sodium (10 mg/lOO g body wt ip). 
Hearts were excised, and the aorta was cannulated and 
mounted on the system. I never exceeded 45 s and was typically 
in the range of 15-30 s. Hearts were immersed in the buffer that 
was kept at 37°C by an external circulator. The coronary sinus 
return was collected by the pulmonary artery and a saline-filled 
latex balloon was introduced into the left ventricle. A square- 
wave stimulator (Harvard Apparatus, South Natick, MA) with 
5-ms pulse duration and 10-V pulse amplitude was used for 
pacing; electrodes were placed on the aortic cannula and on the 
apex of the ventricle. 

Measurements. Myocardial performance was monitored by a 
pressure transducer (model 52-9966, Harvard Apparatus) con- 
nected to the intraventricular balloon. A Clark-type electrode as- 
sembly (model 5300 oxygen monitor, Yellow Springs Instruments, 
Yellow Springs, OH) was connected to the aortic and coronary 
sinus lines to monitor PaoZ and venous PO, (Pvop), respectively. 
Data were collected and analyzed by a dedicated LabVIEW 
system (National Instruments, Austin, TX) running on Macin- 
tosh Quadra 700 (Apple, Cupertino, CA). The system provided 
measurements of HR, EDP, peak systolic pressure, left ventricu- 
lar developed pressure (LVDP), maximal rate of pressure develop- 
ment (d.Pldt-), CPP, and To2 at 60-s intervals. At the end of 
each experimental phase, lactate concentration ([lactate]) was as- 

sayed by standard enzymatic methods (Sigma Diagnostics, St. 
Louis, MO) in the coronary sinus effluent. 

Calculutims and statistics. In isovolumic nonejecting hearts, 
myocardial contractile work is defined as “potential” work and 
expressed as LVDP X HR. VO, is calculated from Paos, Pvo2, and 
CF. 0, extraction is calculated as Vo,/Qo,. Net Jlac is calculated 
from venous [lactate] and CF. The ATP turnover rate (JATp) is 
calculated as the sum of the two components yielding energy in 
the form of ATP under the selected experimental conditions an- 
aerobic glycolysis and oxidative metabolism: (1.0 X &) + (6 X 
VoJ. We assumed that the ATP-to-lactate ratio was 1.0 (glucose 
as substrate without significant glycogenolysis) and the ATP-to- 
0, ratio was 6 (no mitochondrial uncoupling). 

Data are expressed as means t SE. Parametric Student’s t- 
tests for paired or unpaired observations were used where appro- 
priate. Significance level was set to P = 0.05 (two tailed). 

RESULTS 

To test the performance of the microoxygenator, me- 
dium PO, was measured when the oxygenator was flowed 
with gases at PO, of 67 or 670 Torr (Pco, was always 43 
Torr). Accuracy was 6 and 1% at flows of 1.5 and 15.0 
ml/min, respectively. No effect of gas flow was observed 
in the range of loo-750 ml/min. Resistance was reason- 
able, leading to maximal head pressure of 27 mmHg at 
flow of 15 ml/min. 

Table 1 shows baseline function and metabolism at full 
Qo,. During dysoxia, HR decreased both in I (158 t 8 
beats/min) and in H hearts (190 -t 31 beats/min). How- 
ever, the change was significant (P < 0.001) in I hearts 
only (n = 6 for both groups). H was associated with dia- 
stolic contracture as shown by the increase in EDP (P = 
0.02, Table 2). This parameter decreased during I (P < 
0.0005) as a result of reduced CPP secondary to low CF. 
Table 2 also reports the coronary vascular resistance cal- 
culated as (CPP - EDP) . CF-’ l  ventricle weight-’ (13). 
Figures 1 and 2 show the changes of contractility, oxy- 
genation, and metabolic parameters as well as the time 
course of LVDP X HR in spontaneous and paced isch- 
emit and hypoxemic hearts. During I, LVDP (P = O.OOl), 
LVDP X HR (P < 0.0005), and dPldt,, (P < 0.0005) 
were less than values during H. In addition, Pvoz was 
higher (P < 0.0005) but VO, was the same in the two 
groups. 0, extraction was also the same in the two groups 
(81.7 t 2.8 vs. 82.1 t 3.1, respectively; NS), but venous 
[lactate] was higher (P = 0.03) and Jlac was lower (P < 
0.0005) than during H. 

When hearts were paced at 300 beats/min, LVDP de- 

TABLE 2. EDP, CF, CPP, and coronary vascular 
resistance 

Isc hernia Hypoxemia 

Parameter Spontaneous Paced Spontaneous Paced 

EDP, mmHg 4.6t0.4 4.7kO.3 21.3k4.6 26.lk4.5 
CF, ml/min 1.5 15 
CPP, mmHg lot1 21t5 79-t6 113_+23 
Coronary vascular 

resistance, mmHg l  

min l  ml-l l  g 3.MO.9 11.2k3.2 3.9k0.6 5.8kl.7 

Values are means + SE where indicated; n = 6 rats in each group. 
Coronary vascular resistance is calculated as (CPP - EDP) l  CF-’ l  

ventricular wt? 
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FIG. 1. Developed pressure, maximal 
rate of contraction (dP/dt,,), venous 
PO,, 0, uptake, venous lactate concen- 
tration, and lactate release during isch- 
emia and hypoxemia in spontaneous 
(open bars) and paced (crosshatched lschemia Hypoxemia lschemia Hypoxemia lschemia Hypoxemia 

bars) hearts (n = 6 for each group). # Sig- 
nificantly different from respective 
value in spontaneous hearts, P < 0.0005 
(paired Student’s t-test). * Significantly 

-L1- 0 different from respective value in isch- 

3.0 

f 

lschemia Hypoxemia 

emit hearts, P < 0.0005 (unpaired Stu- 
dent’s t-test). 

lschemia Hypoxemia lschemia Hypoxemia 

creased in H hearts (P = 0.01) but not in I hearts (NS). In preparations, the aortic flow was quantitatively dis- 
H hearts, LVDP X HR remained constant (NS). In I placed through the coronary arteries and was controlled 
hearts, LVDP X HR nearly doubled (P = 0.005) but re- with a digital display roller pump. We neglected the small 
mained less than that in H hearts (P < 0.0005). Pacing fraction (2%) of left coronary artery inflow that circu- 
slightly increased the 0, extraction to 86.5 t 2.7% and lates through the thebesian veins into the left ventricle 
88.6 t 1.5% in I and H hearts (NS), respectively. (31). However, to reduce this variable to a minimum, no 
Therefore, Pvoz and VO, in paced hearts were similar drainage was applied to the left ventricle. The arterial 0, 
to those measured in spontaneous hearts. Pacing in- content was controlled by the described microoxygenator 
creased both venous [lactate] and Jlac (P = 0.002) during that yields the desired PO, and PCO~ with little influence 
I but not during H. As an overall result of the above of liquid and gas flows. The small compliance of the oxy- 
changes, JATP increased by 3.3 t 0.5 pmol/min during I genator prevented slow flow adjustments secondary to 
(P = O.OOl), whereas it decreased slightly (1.6 t 1.5 changes of roller pump settings that may cause inconsis- 
pmol/min; NS) during H. tencies in the actual CF. 

Figure 3 shows the contribution of aerobic and anaero- 
bic metabolisms to total JATP calculated as explained in 
MATERIALS AND METHODS. 

Qo, during baseline (14.1 pmol/min or 12.7 pmol. 
min-l . g-l) was slightly higher than Qo, in the heart in 
vivo (8.5-10.1 pm01 l  min-’ l  g-l, if we assume CF of 70-85 
ml l  100 g-l l  min-l, hemoglobin concentration of 15.5 g/ 
dl, and 98% 0, saturated at Pa,, of 100 Torr). Neverthe- 
less, VO, and 0, extraction (see Table 1) were near nor- 
mal (3.6-6.7 pmol . min-’ . g-l and 66%, respectively; Ref. 

DISCUSSION 

Critique of the experimental model. Reliability of Qo, 

(CF X Pa,,) was critical in this study. In our Langendorff 
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FIG. 2. Time courses of left ventricular de- 
veloped pressure (LVDP) X heart rate (HR) in 
hearts exposed to hypoxemia or ischemia. 
Dashed lines are SE. Pacing upgraded LVDP 
X HR in ischemic (P = 0.005) but not in hypox- 
emit hearts. 

0 
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FIG. 3. Contribution of aerobic and anaerobic metabolisms to ATP 
turnover in our model. Open bars, spontaneous; crosshatched bars, 
paced. * Significantly different from respective value in ischemic 
hearts (P < 0.0005; unpaired Student’s t-test). # Significantly different 
from respective value in spontaneous hearts (P < 0.0005; paired Stu- 
dent’s t-test). See explanations in text. 

8). Furthermore, the venous [lactate] was low and the 
level of high-energy phosphates compared well with nor- 
mal values (unpubli shed observ ,ations). Therefore, Qo, 
duri ng baseline was adequate to support myocardial ac- 
tivity. We avoided the use of blood to minimize interfer- 
ences, to retain the accuracy of Qo, and Vo2, and to avoid 
difficult interpretations of the phenomena related to red 
blood cell spacing within the capillaries and kinetics of 0, 
unloading from hemoglobin. 

The relatively high glucose concentration ([glucose]) 
fully saturated the glucose transport system (45). The 
glucose supply during I (190 pmol . min-’ . g dry w-t-l) ex- 
ceeded by one order of magnitude the maximal glucose 
utilization by anoxic Langendorff-perfused isolated rat 
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hearts (14 pmol l  min-’ l  g dry wt-‘; Ref. 33) excluding 
glucose shortage during I and H. The use of hyperglyce- 
mic perfusate ([glucose] of 11 mM) contributed to mini- 
mize the utilization of glycogen (the contribution of fats 
is ruled out for the absence of fatty acids in the perfus- 
ate). Although tissue glycogen decreases by 80 and 75%, 
respectively (34), in working hearts exposed to no-flow I 
and total anoxia, more recent work with anoxic (1 h at 
30°C 1 Hz) Langendorff-perfused ferret hearts showed 
that tissue glycogen declines only for perfusate [glucose] 
of ~10 mM (25). Furthermore, computer simulation of 
the mechanisms underlying the increased glycolytic flux 
in a work jump (switching from the Langendorff to the 
left atria1 perfusion) showed that after a short initial 
phase (20 s) of glycogen breakdown the increased glyco- 
lytic flux is sustained mainly through increased glucose 
uptake (1). Finally, the utilization of exogenous glucose 
appears more important than that of glycogen during H 
(35) and during I before the development of contracture 
(28), as in our case (EDP did not increase during I), most 
likely because of subcellular compartmentation prob- 
lems. Thus, we have reasonably assumed the ATP-to- 
lactate ratio of 1.0. Hyperglycemia could not have any 
significant effect in our model because the glycolytic rate 
is regulated by enzyme activity rather than intracellular 
glucose (24) and there was no competition between glu- 
cose and other substrates. 

H and I. Although matched for Qo,, H and I elicited 
different responses in our model. During H, hearts 
performed at a higher level than during I despite same VO,. 

However, Jlac was also higher, possibly contributing to 
increase JATP and to account for higher contractility dur- 
ing H (Fig. 4). In skeletal muscle exposed to 25% Qo, 
reduction, the increase of Jlac failed to account for the 
observed increase of muscle contractility during H (38). 
Perhaps inexact matching of Qo, in those experiments 
may explain the discrepancy as, by the authors’ own ad- 
mission, flow was not constant in their protocol (see Ta- 
ble 1 of Ref. 38). 

The maintenance of the coronary vascular resistance 
during I and H (Table 2) indicates unchanged myocardial 
perfusion. The increased CPP and resistance in paced I 
hearts, likely secondary to lactate accumulation, may 
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FIG. 4. Relationship between LVDP X HR and 0, uptake (Vo2; A) or ATP turnover rate (B). All data are shown. 
Squares and circles are spontaneous and paced hearts, respectively. Best-fit line uses all data points (r = 0.975; P < 
0.001). 
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imply some degree of flow heterogeneity in this group. 
Indeed, skeletal muscle VO, may decrease because of flow 
maldistributions even at constant total flow if arterial 
pressure is low (39). On the other hand, flow heterogene- 
ity observed in epi-, mid-, and endomyocardium as well 
as during the different phases of the contraction cycle of 
hypertrophied hearts subjected to low-flow I tends to 
disappear in nonhypertrophied hearts (5). Also, this 
problem may be less important in Langendorff-perfused 
hearts than in other models because of the intraventricu- 
lar balloon that induces isovolumic contractions and the 
fixed CF during I and H. However, we cannot rule out the 
possibility that downregulation of muscular activity dur- 
ing I was the result not only of lactate accumulation (see 
below) but also of nonuniform muscle perfusion so that 
some regions were nonperfused to maintain perfusion in 
others (22). 

Altered Ca2+ homeostasis may be critical in our model. 
However, the heart does not consume Ca2+ as it does 0,. 
Thus, the Ca2+ influx into the myocyte depends on the 
Ca2+ gradient, i.e., on medium Ca2+ concentration that is 
constant throughout. In fact, a study aimed at assessing 
the effect of Ca2+ washout during low and no-flow I 
showed that this effect is critical during reperfusion but 
not during I (40). Therefore, we believe that the role of 
Ca2+ is marginal in our model. The low HR during I 
may reflect lower K+ washout in I than H hearts (30) 
with consequent h igher intracell ular K+ during I. The 
bradycardic effect may also be exerted by lactate it- 
self (43). 

Although many workers have already compared isch- 
emit vs. hypoxemjc hearts, we are not aware of other 
studies where the Qo, in the two conditions was matched 
except in previous studies by Corno and co-workers (11, 
l2,36). Thus, we compared our data with those obtained 
by Hogan et al. (23) and Dodd et al. (16) in moderately 
dysoxic in situ working dog gastrocnemius muscle. In 
these studies, no functional differences between matched 
H and I were found. Because no lactate data are available 
from either study, it is difficult to explain such discrepan- 
ties. Several factors may determine these apparently con- 
tradictory findings. First, red blood cells in the perfusing 
medium -may have buffered 0, and lactate stores and 
blunted our observed effects. Second, the 0, deprivation 
was 90% in our study, 50% in the study by-Hogan et al. 
(23), and 27% in that by Dodd et al. (16); therefore, a 
more severe energy supply-demand unbalance was pro- 
duced in our experiments. Third, the relatively higher 
amount of mitochondria in heart than in muscle may 
make hearts more sensitive to perturbations than skele- 
tal muscles. 

Despite such discrepancies, all studies agree on report- 
ing lower Pv,, during H than during I. This difference is 
amplified in our work because of the severe dysoxia and 
the-lack of blood 0, buffering capacity. It is difficult to 
assess from the present data whether the high Pvo dur- 
ing I results from vascular collapse leading to a fesser 
exchange area and lower 0, diffusive conductance (22) or 
rather from “metabolic arrest” (19). In our experiments, 
however, the extra workload caused by pacing did not 
alter Pv 

02’ 
implying that eith .er the metabolic arrest was 

insen sitive to pacing or that the primary limitation in I 

was at the level of the microcircul .ation som ,ehow sup- 
porting the former hypothesis. In any case, this study 
shows that 0, did not appear to be an adequate energy 
reserve during dysoxia. In fact, Fig. 4 shows that the 
changes of LVDP X HR were independent of VO, under 
all dysoxic conditions. In contrast, LVDP X HR was 
highly related to JATP (r = 0.99), suggesting that compo- 
nents other than O,-dependent metabolism may have 
regulated myocardial performance. This conclusion is in 
qualitative agreement with the relationship between Qo, 
and VO, (Fig. 1B of Ref. 16) where the I point lies above 
the best-fit line, indicating that factors other than 0, 
have regulated bioenergetics during I. 

Role of lactate. The greater contractility during H than 
during I and the ability of hearts to upgrade their perfor- 
mance during I were linked to non-O,-dependent pro- 
cesses, most likely anaerobic glycolysis. Actually, al- 
though anaerobic glycolysis provides a minor fraction of 
total ATP, it may be quickly stimulated at the level of 
phosphofructokinase (1) by allosteric factors such as 
AMP, the concentration of which increases early during 
I. The relative importance of anaerobic ATP production 
increases during I or H. Indeed, the observation that pac- 
ing did not alter Jlac du ring H suggests that anaerobic 
glycolysis was a lready workin .g at maximal or near- 
maximal levels in H hearts. In fact, the values of Jlac 
during H (9.2-10.8 pmol. mine1 l  g wet wt? or 71-83 
pm01 . min-l l  g dry wt-‘) are close to the values of lo-14 
pm01 l  min-l l  g wet wt-’ (27) and 60-70 pmol . min-’ l  g 
dry wt-l (42) reported for contracting anoxic isolated rat 
hearts. 

Depressed anaerobic glycolysis led to lower LVDP X 
HR during I, but electrical stimulation upgraded LVDP 
X HR. If we consider venous lactate a reliable index of 
cell lactate, then the higher [lactate] in the venous ef- 
flue nt of I hearts refl .ects low washout, in agreement with 
the observation t ‘hat perfusing hearts at CF of 1 ml/min 
results in a >lO-fold tissue accumulation of lactate than 
at CF of 15 ml/min (40). It is difficult to assess whether 
our data were influenced by lactate or H+. On one hand, 
lactate-induced acidosis inhibits glycolysis and depresses 
contractility (27, 33, 44). On the other hand, some au- 
thors questioned the possibility that lactate does cause 
acidosis, with the bulk of H+ generated from ATP break- 
down and/or turnover (15) and possibly from the glyco- 
lytic flux. However, acidosis is always greater during I 
than during H, and lactate may directly affect the activ- 
ity of glycolytic enzymes (33). Acid pH exerts its protec- 
tive action by inhibiting proteolytic enzymes and other 
degradative processes (6). 

Release of the inhibition of glycolysis by lactate and/or 
H+ requires shorter times than biosynthesis of new en- 
zymes. This mechanism may thus regulate what Ho- 
chachka and Matheson (21) called the “effective enzyme 
concentration,” depending on the needs of the system, 
whereas fine bioenergetics adjustments still depend on 
substrate variations. It is therefore possible that the hy- 
pothesized “latent” or “inaccessible” pool of enzymes 
depends in part on the inhibition of the existing enzyme 
pool by lactate and/or H+. Conversely, the greater avail- 
ability of these en .zymes may be explained, at le ast for 
acute phe nome na, , by lower intracellular lactate levels, 
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possibly combined with less acidosis and associated re- 6. 

lease of inhibition. This process would provide a “meta- 
bolic” alternative to the autonomic and hormonal mecha- 
nisms that were proposed to override protective hiberna- 
tion in intact organism .S (17). Furthermore, it was 
recently indicated that adenosine-related mechanisms 
may not fully explain the cardioprotective effects of isch- 
emit preconditioning (3, 18). Finally, this process may 
also override the emergence of protective features in 
heat-acclimatized animals that were related to energy- 
sparing mechanisms originated by myosin switching 
from the fast to the slow isoform (26). 

The downregulating effect by lactate and/or H+ may 
be an active phenomenon by which the myocardial en- 
ergy demand is spared to preserve the energy stores (47, 
14, 20, 37, 44) and to prevent fatigue. Interestingly, 
McArdle patients develop fatigue before any significant 
lactate accumulation (29). Furthermore, if downregula- 
tion follows fatigue, we should have found worse recovery 
in postischemic- than in posthypoxemic hearts. On the 
contrary, one of the reasons postischemic hearts recover 
better than posthypoxemic hearts (11, 36) may involve 
downregulation that prevents exhaustion of the energy 
reserves in ischemic but not in hypoxemic hearts, similar 
to observations made in rabbit skeletal muscles (20). 

Conclusions. Ischemic hearts are more downregulated 
than hypoxemic hearts at the same Qo,. We hypothesize 
that in the absence of vascular and hormonal factors, 
downregulation may at least partially be exerted either 
by intracellular lactate or by the associated acidosis; high 
CF during H increases washout and prevents intracellu- 
lar lactate accumulation, whereas low CF during I leads 
to high intracellular lactate that in turn depresses glycol- 
ysis. The role of lactate and other diffusible metabolites 
in the process of myocardial preconditioning and in the 
adaptation to sustained I or H remains to be evaluated. 
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